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SUMMARY

Measurements of electron-density decay after un ionizing pulse were
made, and electron-ion rescombination coefficients were calculated frem
these values. Measurements were also made to sho.” the effect of the in-
troduction of water vapor o1 the recombination in air.

Data are given on the :hange in electron den: "ty with pressure ©
an abnormal glow discharze.

The theory of the propagation of an electrom:gnetic wave through a
plasma is given along with She eguations for using a microwave interfer-
cmeter. BSome of the practical considerations in niosing the microwave in-
terfercmeter are presented.

INTRODUCTION

In the past few years “here has been a considerable increase in in-
terest in the effect of free eiectrons on the trarsmission characteristics
of' electromagnetic waves. This new interest has two reasons: first, the
communication "blackout" cf missiles due to the "ylasma sheath" on reentry
and to the ionization in the rocket exhaust during launch (refs. 1 to 3)
and, second, the use of Lhe transmission characteristics as a tool in the
measurement of electron dencities and temperatures of plasmas in fusion
and electrical propulsion research (refs. 4 to 7).

The work reported in this paper was done primerily to study the mech-
anism of electron loss in plasmas, to study the problems of measuring
electron densities by the microwave interferometler method, and to extend
electron-ion reccmbination data to one decade lower in pressure. The re-
sults will be applicable mainly to measurements of plasmas obtained for
electrical propulsion and communication loss studies.



The work reported in this paper consists of measurements of electron
densities in a low-freguency, high-voltage discharge in the pressure
range 0.04 to 0.¢ millimeter of mercury and electron-ion recombination
rate measurements on nitrogen, air, and argon in the range 0.3 to 7.0
millimeters of mercury. Some data are also given on the effect of water
vapor on electron-ion recombination of air.

The first propagation studies of electromagnetic waves through an
ionized gas were concerned with the reflection and cross-modulation of
long radic waves by the ilonosphere. Since then, full theoretical treat-
ment of the propagation of electromagnetic waves through an ionized me-
dium and the effect of ionization on electrical conductivity at high fre-
quencies has been given in many texts (refs. 8 to 11) and published re-
ports (refs. 12 to 16). A review of research on ionized media, including
work with microwaves, may be found in reference 17. Surveys of plasma

studies by means of microwaves may be found in references 18 and 19; these

references contain bibliographies of work done up to approximately 1958
and 1960, respectively. Reference 20 is an earlier report of about the
same scope.

There are four primary methods by which the transmission character-
istics of an ionized medium may be studied.

The first method uses the free-space attenuation of an electromag-
netic wave (refs. 21 to 24). This method is usually used in a medium at
pressures above 20 millimeters of mercury. The gas is seeded with some
easily ionized material such as an alkali salt, and there is a high
enough collision rate between electrons and other particles to dissipate
the microwave energy.

The second method uses the change in resonant frequency and band
width of a tuned cavity or waveguide structure (refs. 25 to 30). This
method is usually used on small confined discharges and ones with fairly
high collision rates.

The third method uses cross-modulation, in which a small signal will
experience an attenuation because of a large signal's changing the
electron-collision frequency of the ionized medium (refs. 31 and 32).
Again, fairly high collision rates are found.

The fourth method, the method used in this report (fig. 1), uses
the change in the wavelength of the microwaves in the medium due to the
presence of free electrons. This method usually uses a microwave inter-
ferometer for the measurement (refs. 5, 6, and 33 to 38); the electron-
collisicn freguency is kept low so that there is no attenuaticn.

With this method a larger confining space can be used, and electron-
density and electron-ion-recombinaticn-coefficient measurements may be
extended to lower pressures than when the cavity method is used.
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THEORY
Electromagnetic Wave Propagation

The theory for the propagation of a plane electromagnetic wave in a
homogeneous, weakly lonlzed medium has been treatec in many texts and
reports (refs. & to 14, and 23). No attempt will te made here to develop
the theory fully.

The differential equation for a plane wave propagating in the z-
direction in an unbounded piasma is

JZE JCE OE
—— - HE —= - uo =0 (1)
dz“ Jt ot

(A1l the symbols are defined in the appendix.) In developing equations,
the rationalized MKS system is used. However, firal eguations may also

be shown in other more practical units. When this is done, the urits to
be used are denoted by subscript on the appropriate symbol.

If the wave is harmonic, then the solution tc equation (1) is given
by

E = E, exp(jut - jBz - az) (2)
(@ + 3B)2 = -pea® + juow (3)
In equation (2), exp (-jpz) is the equation of a wave in space and can
be written as exp (Zﬂz/h); thus, the wavelength A 1s given by
A = Bﬁ/B, where f 1is a phese constant. The part exp (-az) is an

attenuation in space; o 1is then an attenuation ccafficient.

The equation for the motion of an electron in an electric field that
is polarized in the y direction is

mdzy dy ' .
0 + mwe I e E} exp(Jjut) (4)

In this equation, we 1is a damping term that is equal to the collision
frequency between electrons and atoms or ions and will be assumed to be
a constant. The solution is given by

o1 Je o . -
Y = 5w 5w By exp(jot) (5)
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The quantity twy 1s the “plasma frequency’ and is given by
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In most work the number of collisions is small compared with the fre-

quency of radiation (We<< w).
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When there is a plasma, the wavelength of the microwaves becomes
ionger in the plasma:

(14a)

In equations (13) and (14), P, 1is now P, and sc forth. The quantity

that is usually determined is the phase shift 2A8. The equation for
& can be written in terms of 685 and A8:

cos 9 = cos (4, + AG) = cos [90 + 2<.§£ . _om ﬂ (15)

or, since

%% = (wﬂf—rjf)(higc)

~ Nac A9
—\/’j_——(=1+7—7’“ (16)

or, when w, < w and ¢ << 1,

C

9 Ag .
Nee = 2.07X10°fge (Z_C:l_g-> (17)

If there is attenuation due to collisions and if wc/m < 1, then

(18)

2
faNe) w
nee = 2.07x10%f g, ( Zi;g>[l * (’w’c')] e

The power P as a function of the phase difference A9 1is shown
in figure 3 for different values of Pz/Pl‘

%
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Mechanism of Loss of Free Electrons

There is an extensive amount of literature dealing with the mecha-
nism of electron loss in gases and its applicatior to discharges. TFor
this reason, no detailed analysis is given here. Instead, the reader is
referred to references 33 to 43.

The rate of electron Loss in an electrically neutral ionized gas is
given by

St = D,Ven - Cpn® - gw.n (20)

where

D Vzn loss due to ambipolar diffusion to, and recombination at, the

a
walls of the container
CRn‘ loss due to electrcn-ion recombination either by three-body
and dissociative or radiative collision
bl loss due to electron - neutral particle a.tachment at higher

pressures, due mcstly to the presence o impurities
Three simple solutions to this equation are of interest here:
(1) The solution when diffusion loss is predcrinant. The solution

is a function of the geometry of the container for the lowest diffusion
mode in & circular cylinder:

., 1h 2 .40br -
n = n, sin & JO<—R—) eXP('t/T) (21)
where
) 2 o\
L x 2.403) o
o (H) - ( R (2)

By plotting the logarithm of n against +t, the value of T and
(from eg. (25)) the diffusicn coefficlent D, may be found. Since the
diffusion coefficient 1s proportional to the mean free path and the mean
velocity, the coefficient D, « 7 3/2 (refs. 39 ind 41) at low pres-
sures.

(2) The solution when electron-ion recombinastion is predominant.
This solution is independent of geometry:

L 1
H-EE':CR(JC-TJO) (

t\‘\
N
N—
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By plotting L/n agailnst t, the vaiue of Cr may be obtained. If
tLie recombination coefficient Cp 1s proportional to the collision cross
section for electron-ion collisions, Cgr 1s proportional to (p)l/2 for
N- and proportiona. to p for rare gases (ref. 41). If the recombina-
tion ls of the three-body type, then Cr 1s proportional to p at _ow
pressures (refs. 59 and 41).

(2) The solution when both electron-ion recombination and attachment
to Impurities are equally important. In this case, we = KN and the

solution becomes:

1 1 ; gk _ gk Hm,o .
2o e = - + o= o =2 _d2d >4
5T Ag Cr(t - to) {1 ZCR oy e (24)

small amount of Impurity 1s present. If the attachment to the

urity is strong (g large), then the additional terms cannot be neg-
] Wien this happens, it is necessary to obtain plots of l/n

t at different values of the initial electron density in order

Other solutions in which any two of the preceding processes are
present anre given in reference 41. The effects on the transmission char-
neterictics of electromagnetic waves of an icnigzed gas as the gas goes
from a Lomogeneous gcas (independent of r) to a diffusion-loss-dominated

-

ran v o= f(r) alfter a discharge is given in reference 28.

PRACTICAL CONSIDERATIONS

Freguency To Be Used

Trhe maximum electron density that can be measured is theoreticaliy
siven by the cutoff freguency,
<ncc’max 1.2x10 fGC (22)

The lower limit is given by the abiliity To detect a small phase-angie
charnge. By setiing the phase angle so that one 1s on the steep part of
the curve in figure 4 and by making Pg/Pl > 1, a minimum angle of about
5Y can be accurately detected, or

~ 1OlOch

min om

7eeT-d
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Thece lLimits can, of course, be changed by the prosence of magnetic Tields
or by colslsions.

Ccllision Frequencies
Absorption of the micrownve benm by the pisimg only becomes upprecil-
ante near cutoff or when 0@/“ = 1; this can be :cen in figure z. Also,
it i seen that, when aeo/0 = 1, the index of re:rraction of the plasma
staye close to 1. The wmedium is then absorptive. Tie energy the elec-

trons obtain from tlie elec romasnetic wave iz a1l vipated in collisions
with atoms or ions. When “his is true, the methodl of meavsurement 1s usu-

ally Ly the attenuation of a microwave heam, or corrections must be mode
to formulsns bo allow Tor collisions (egs. (28) ar¢

To estimate collisicn: between eiectrons and
classical hard-sphere formila may be used (refs.
semperature range (Te 2 0.0 ev).

lecules), the
in the _ow-

wo ¥ T Qe = L.3X107A5 N0 /T,. (27)

d.. = 3x107% em
The guantity Te 1o in ev, and INse 1s In oe~+,  Since in the precent
work o = oxi0t0  to make uc/a‘l 1/2, N must egual 1018 or approximately
0.1 atmosphere pressure. Jsing eclectron-collisicn cross sections at low
energy (ref. 2i) or the more complex method of Murgenau (ref. 12, approx-
imately the same znswer is obtained for weakly dcnized gases. Thus,
electron-atom collisions muy be neglected at roon temperature. For higher
energy (Te > 0.1 ev) the published data on electron-collision cross sec-
tions should be used, and :are should be taken to differentiate between
the cross sections for znergy transfer and for monentum transfer {refs. 34
and 41).

To calculate electron-ion collision rates, ¢lther of the two formulas
(28a) or (29b) is applicable for a weakly ionirzec gas where the ilons are
singly ionized:

, - N3 L0500 T
w, = 1.08x.0"5 —7z otlo T = £8a
¢ 7,7/ o nl/h ( /

(refs. 45 and 40)

, 10

o N 1.40x. 00T
We = 1.8IX10 r = Log - & (280)

of 4 l/ I
T, n

{retf. 47).



Two other formulas for the collision freguency may be found in ref-
erences 48 and 49. The magnitude of the theoretical value of W, de-
pends greatly on the assumption as to what constitutes a collision. The
two formulas just given check well with data given in reference 47.
Values given by the formulas in reference 49 are about three times higher
and that of reference 48 is 10 times lower than that of equation (28a) or
(2b).

Again, for ions to make w./w = 1/2,

iR

N; = 1.2x10+% at T = 0.2 ev

which 1is beyond the cutof

if n = Ni'

f freyuency density of the present interferometer

When ao/w << 1, the interferometer method is used and the eyua -
tions presented for it are used. In this type of medium the wavelength
i1z larger than that in free space; and refraction, refliection, and scat-
tering taxe place but no absorption.

Existence of Thermal Equilibrium

While the collision frequency between electrons and molecules is
given by s, the fraction of energy exchanged with each collision is of
the order of m/M. Thus, the time for a Maxwellian electron gas at one
temperature to reach the temperature of a Maxwellian distribution of
molecules is given by the differential equation

[k

1/2

a(T, - T) T,

where the additional effect of the electron temperature on the collision
frequency is included. This equation may be solved in parts to obtain the
curves of (Te - T,) against tp given for nitrogen in figure 4. Since
the dependence of Cgp on temperature has been found to be proportionai
to T0.9 (ref. 50), a correction can be made to data obtained at short
Limes. As can be seen from figure 4, the temperature difference becomes
small and can be neglected for values of tp > 80 (usec)(mm Hg).

All the preceding presupposes that both the electron and molecule
energy distributions are Maxwellian. This may not necessarily be true;
indced, in low electron-density gases the collision rate between electrons
is of the order of the collision rate between electrons and ions. In
such cases, the electrons that {irst recombine will be those of low ener-
¢y, with the higher energy electrons possibly exciting molecules upon
collision sufficiently to cause additional ionization. A more detailed
discussion of this problem may be found in references 49 and 51.

veeT-d
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The considerations so far discussed are of a general nature and de-
pend on the type of discharge to be studied. There are other consider-
ations that depend more on the construction and dimensions of the
physical apparatus.

Inhomogeneity of the Plasma

The theory so far developed 1s for a plane wave in a homoger:eous
plane plasma. If the waves and plasma are plane tut the plasma varies

along the path length, thern the phase change is «n integral along the
path:
z 21 21
A8 = = - =)ar = - a dl (30)
(A xp) 7\Vac

For small values of Aﬂ/l the electron density is an average over the
length. This integral has been evaluated in reference 33. For a cylin-
drical confining chamber, liy, 1is equal to 0.61 times the center value
of n for the lowest diffusion mode.

If the wavelength and dimensions are such tlat a diverging beam
through an inhomogeneocus c¢ylinder must be considered, the problem is
cuite complex. If therc are sufficient collisiors so that wc/w s 1,
the medium is not refractiwve but absorptive; and, again, straight inte-
gration can be used 1f 1t is assumed that the beam shape is not changed
pacsing through the medium. Some evaluations of this type of 1nhcmogene-
ity may be found in reference Z3.

Beam Size and Path Length

The size of the beam depends on the radiator used. If lenses are
used that focus through windows, the minimum beam width is approxinately
A. If only horns are used, the beam sampling width will be approximately
the horn dimensions. 1en a cylindrical container is used, care must be
taken that the main power lobe from the horn or lens does not strike the
container side walls.

To avoid standing waves, the path length should be at least o wave-
lengths and the separation between horns and lenses at least five times
their dimensions. The values given are the minimal values, and errors
will still be introduced. Error can be reduced by making measurements
at a number of power settings, phase angles, frejuencies, and at differ-
ent tuning.



le

Power Loss Due To Relliections and Standing Waves

The equations developed have been for a wave in an unbounded medium.
This, of course, 1s never true. Boundaries to the plasma wil: produce
refiectlons from the plasma and standing waves in it. The formulas for
ef'f'ects of reflections from boundarics and standing waves are given
in references 8 and 14, from chr the magnitude of such effects may be
caleulated.

=

It 1s usualiy necescary Lo confine the plasma region physically in L
¢ container and provide windows Tor the passage of the microwaves into %
the piooma.  IT the plasma is zuel <what there is a discontinuity at the i

wind the reflections from the window will chauge with ploasma den

This effect can be minimized by using half-wave windows or, when this
cannot ve done, by placing o ferrife isolator in the sending =2rm of the
interferomeler or by keeping the piasma away from the windows by magnebic

fields, and so forti.

It the container is large compared with the radiation wavelength and
=

Liie plusma density is limited by diffusion to the walls, the discontinu-
ity wil: not be present.

If the horns, lenses, or windows are so close thab standing waves
are set up between them, another effect takes place. As the densily of
tie }Hﬂﬁnm frend tre number of standing waves in the pilasma changes.
As o resul he received power has a sinusoidal vaorliation; this variation
Yy even be used ag a crude measure of electron density. This effect may
be lescened by careful tuning and the use of high transmission windows.
However, usuarly the resuit will be to lower the maximum measurable den-
sity below the cutoff density (eq. (25)).

Q

=
5

EXPERIMENTAL METHODS
Apparatus

A schematic diagram of the microwave interferomeler apparatus is
shown in figure L.

The Ireguencies used in the measurements were X-band (9 Ge) and K-
band (st Gc?. The average clectron densities measured varied from 2Xi0°
to 10+l cet with 9 Ge, and from 1040 to 21011 cce-l with 22 Ge. The
lower limit of electron density was determined by the sensitivity of the
SV“LEI Lo meacure smali phase-angle changes. The upper Llimit was set by

sianding waves 1n tihe conluiner, especially for X-band measurements.

The power ratios of the phace angle between the two arms were set in
the resion vo moarked in igure .



E-1384

The ionlzed gas wan confined g
tube approxiumstely 100 centidlmeters lo
0.01 to /.0 millimeters ol mercury. T

4

pregsure vorlec

timeter-diameter Fyrex
from
micrcuine ueu“urgmpnt were made
w3 oin

eitlier thirougzh the walls o' the Py“e» tube or Lhrough Luclte winco
n Pyrex crosc. The dicuuce betwecu horn: (no lenses were unel ) varled
Trom 15 to 20 centlmeters. I no case was the power ol the moo urt

radiction strony euough to aftect the discharge. Three gases were
nitrogen, alir, and argon.

Two techniques wer: uwed Lo

1) Tonizetion by - wcbnormal giow dicchar; er Dula were ohvmf
&

using a CO-cycle-per-ncecng ul*whjlge between twe cooled copper

of approximate’y /-cenlime er dinmeter separated |y approximtel

Limeters. For Liils exporinent Lhe vo_toge betweonl electrodes was maln-

tained nt oa 6500-velt prak.  The root mean squar: current of the dis
Is olhiown o o runetion of e yrvsuuro ‘n figure .. This dischiurge
Nt
101

rolled, depending on the pr

diffuelon or recomhb T
pprox. ©oev) (reiv., 59 and 41).

=lectron tomperacure Wi,

Wil

For the mecsuremen . o0 elecbron de:ul Lite nlerovwave po
cuuarc-wave modulated vproximabely 200 eyl per second, aond

penlk value was read trom i osclllos
e_ectron temperature, o cmll correection varylng I'rom 1 Lo 10 perc

choree

Wil G

The

the

icope screen.  Becmusze of the high
ent was

made to the X-band data becouse bhe collision rate approached the radi-
ation frequercy (egqu. { ) znd (27)). BEyuatlon - 17) was used for K-kand

data.

A chicek o the meacured electron density o nltrogen wias made
following monncr. Ry Lnbeorating Jo(2.100 r/R) i equation (c1),
lation between the peats cuwrrent and the measured electron dencitvy
was obtained; il,.q & -2 vga. The peak current Is obtained from

-
2l

in tne
3 l“e_
1

the

roct mean syuare mensurcd currenbt from oscilioscope traces of eiectron

density with time. The current ls proportional o voltage times ele

density. The L
unred, and Luteprated to obbain a ratio of  lppy; to ilpeuk
che wiine of vy found in reference 59 for nitr:
crooculoted  Ipenks Lhe electron density vas

All measuremerts o 2iectron density were mide in the positive

umn of the discharge.

() Tonizotion by -
coeftTicients were obtalie

ul:ed redar: Data on elcetron-ion recombi
1

"

ree curye Ls omultiplied by the listantaneous Voicag
. Using

e at g given vol

by menguring the deca; of electron density

chron
€5

tape

cod -

after an S-band (5Ge) paisze of 1l -megawatt peak pover, z0 pulses per



14

second, and l-microsecond pulse width had ionized the gas. Data were
taken in the pressure range 0.3 to 7.0 millimeters of mercury. The elec-
tron temperature for this type of discharge is low (approx. 0.03 ev)
(reis. 37 and 38).

For these measurements unmodulated microwave power was used, the
crystal output was displayed on an oscilloscope with a total time for a
trace varying from 25 to 500 microseconds, and the data were reduced from
photographs of the screen. Most of the data were taken with K-band be-
cause of the high electron densities, and no correction was made for elec-
tron collisions.

It was found with nitrogen that, when data taken with X- and K-band
disagreed at high pressures or at high power input, the discharge no
longer looked homogeneous when sighted along the cylindrical axis. This
lack of visual homogeneity was used then with nitrogen and the other gas
to determine when data should not be taken because of high power or pres-
sure. A homogeneous discharge could not be obtained for nitrogen or air
at pressures above l.. millimeters of mercury, and above 7.0 millimeters
of mercury for argon.

RESULTS
Steady-State Data

Shown in figure ¢ are the measured average electron densities at
peak voltage for X- and K-band measurements of the three gases as a func-
tion of the gas pressure. As was expected, below approximately 0.2 milli-
meter the discharge is diffusion-controlled (n « p), while above that
pressure the discharge is recombination-controlled (n « l/p). A check on
the measured densities of electrons in nitrogen was made at two pressures
using the methed outlined before. The two calculated points are shown
in figure €(a). In the region where the discharge is truly a glow dis-
charge (0.08% mm), the measured and calculated values agree closely. 1In
the region of abnormal glow there is a large discrepancy, which is prob-
ably due to the fact that in the abnormal glow the cathode fall is much
larger; thus, the voltage drop across the positive column is smaller.
This in turn would lower the drift velocity vg and thus increase the
electron density.

The disagreement between X- and K-band data at higher electron den-
sities is due to the effect of increased scattering and detuning.

¥eeT-d
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Time-Dependent Data

Data were taken on three gases, nitrogen, air, and argon, to obtain
the electron-icn recombination coefficient (Cg, eq. (24)).

Nitrogen. - Measurements were made in the pressure range 0.1b to 1.6
millimeters of mercury. The values of Cr obtained from these measure-
ments are shown in figure /(a) as a function of ihe pressure in the cham-
ber. Also shown are values of Cr for higher pressures obtained by
Biondi and Brown (ref. 50) using the cavity methcd of electron-density
measurement.

The gas used for these measurements was obtalned from bottles that
are filled by passing liquid nitrogen through a hLeat exchanger, and is
reported to be 99.99 percent pure. From the bott_e the gas is passed
through an acetone - dry-ice trap and through a racuum vaive into the
chamber. A small amouni of hydrocarbon in the gns due to improper out-
gassing of the chamber was found to igcrease Cr by a factor of about Z
to a constant value of 1.5 to 1.7x107% in the pressure region measured.
emall amount of air leakage was found to lower the value of Cr at high
pressures and to make Cg directly proporticnal o the pressure in the
middle and lower pressure regions.

While it is felt that the data do exhibit the expected dependence
on p, some of this may still bte due to the introduction of impurities
due to back-diffusion after the chamber has been purged.

No temperature correction was made to the viilues of Cgr shown, as
either the times were sufficient to assure thermnl equilibrium or the
plot of l/n against time did not exhibit any characteristic change due
to temperature. Short-term data (sweep rate, 5 usec/cm) and long-term
data (sweep rate, 20 usec/cm) agreed to the exteit that it is felt that
electrons undergoing recombination were only those at the lower end of
the energy distribution.

Air. - Measurements were made in the pressure range 0.2 to 1.0 mil-
limeter of mercury. The values of Cg obtained are shown in figure 7(b)
plotted as a function of tae partial pressure of oxygen.

The gas used in these experiments was either room alr or bottled air
passed through an acetone - dry-lce trap. No difference was found in
Cr because of the difference in gas source. It is seen that the recom-
Yination coefficient is about 10 times smaller tihan that found for nitro-
gen. Also plotted in figure 7(b) are values of Cgr for oxygen from ref-
erence 50. The agreement of these data with that of this report for ailr
suggests that the ionization and recombination onserved was that of oxy-
gen.



Argon. - Measurements were made i1n the pressure range 0.6 to 7.5
millimeters of mercury. The values of CR obtained are shown in figure

7(c).

The gas used in these experiments was commercial-grade argon at
approximately 99.9-percent purity. Some water vapor was present in the
bottled gas, as data taken without the trap were some five times higher
than the dala shown. Good agreement was obtained with low-pressure data
of reference 5z, and a trend toward the higher pressure data was shown.
The data are not extensive enough to show what the pressure dependence
of Cr 1s; however, CRxp looks probable.

Effect of Water Vapor on Electron-Ion Recombination

The decay of electron density with time for air with various amounts
of water vapor present as an impurity is shown in figure 8. The water
wa.s Introduced into the alr by bubbling the dried air through water at
various pressures. The percentage of water given in figure 8 assumes
that the air was saturated. As can be seen from the figure, the effect
is very strong, which is expected (ref. 43), raising the effective Cr
by a factor of 10 with the introduction of about 3 percent Hs0 by volume.
The ionization potentials of Oz and H20 are comparable (ref. 53), at 12.5
electron volts, so that the O is still probably the dominant gas being
ionized; when only a small percentage of water is in the air, however,
the collision cross section of HoO is some 10 times larger than that of
any other constituent of air (ref. 41), so that collisions with the intro-
duction of HpO are more frequent and, in fact, are dominant. Also, such
collisions may be more effective because of the shape of the Hp0 molecule.
Anoli:er process probably enters into the decay also - that of electron
attaciment to the Ho0 molecule.

SUMMARY OF RESULTS

Electron-density measurements were made of a high-voltage discharge
by means of microwave interferometers at two wavelengths. Goocd agreement
was shown over the entire range between experimental results at the two
wavelengths; agreement was also obtained with the theory of such dis-
charges at the low-pressure (glow discharge) region. Plots of electron
density against pressure show the transition from diffusion-loss-
controlled discharge to a recombination-controlled discharge.

Measurements were made of electron-density decay after an ionizing
pulse, from which the electron-ion recombination coefficient Cgr was
calculated. Agreement with previous data using the cavity technigue was
good, and the value of Cgr was extended downward by a factor of 5. Com-
parisor of alr-recombination values with those for oxygen suggest that

FRET-H
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the ionization which predominated was that of oxygen. Agreement of argon
data was good in the low-pressure range, and a pressure trend was shown
that approaches the data at higher pressures taken by means of the cav-
ity method.

Measurements were also made to show the effect of the introduction
of water vapor on the electron-ion recombination of air. A strong effect
was found; reasons are presented for the magnitude of this effect.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 6, 1u6l
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APPENDIX - SYMBOLS
velocity of light 1in a vacuum, 2.998x108 m/sec
recombination coefficient
ambipolar diffusion coefficient
collision diameter
electric field intensity
B, exp(-ipz - az)
electronic charge, 1.602x10719 coulomb
radiation frequency, 109 cps
efficiency of attachment to an impurity
tube length
distance along tube length
current
current density
zero-order Bessel function
impurity constant
path length
heavy-particle (atom or molecule) mass
electron mass, 9.107x10-31 kg
heavy-particle density
electron density
power
pressure

electron-collision cross section

¥8eT-d



=it

<l

va

X3 ¥ a2

Gp

“p

tube radius

radial distance

temperature, ev (1 ev = 11,400° X)

time

mean velocity

drift velocity

coordinates

attenuation constant

phase constant

permittivity of free space, 8.85x10712 f&rad/meter
index of refracticn

Phase angle

wavelength

permeability of free space, 1.257x106 henrys/meter
conductivity

time constant

Wl + af
radiation frequency, (radians)(sec™?1)

collision frequency

plasma frequency

Subscripts:

S

electron
ion

impurity

19
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(=]

initial

plasma

vacuum

unaffected arm of interferometer
rlasma arm of interferometer

final

NOTE: Subscripts are also used to denote dimensions in numerical formulas.
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